Abstract In the 12-month phase 3 TRANSFORMS study, fingolimod showed greater efficacy than intramuscular interferon beta (IFNb)-1a in patients with relapsingremitting multiple sclerosis (RRMS). This study analyzed fingolimod efficacy compared with IFNb-1a in patient subgroups from TRANSFORMS. Patients were randomized to receive fingolimod or weekly IM IFNb-1a for 12 months. Analyses of efficacy included annualized relapse rate (ARR), and magnetic resonance imaging (MRI) measures [gadolinium (Gd)-enhancing T1 lesions, new/newly enlarged (active) T2 lesions, brain volume change]. Subgroups were defined based on demographics, disease characteristics (baseline EDSS score, relapse rate, and MRI parameters), and response to previous therapy. Fingolimod 0.5 mg reduced ARR over 12 months by 32-59 % relative to IFNb-1a in all subgroups defined by demographic factors or baseline disease characteristics. Fingolimod also reduced the number of new Gd-enhancing lesions, active T2 lesions, and the rate of brain volume loss, versus IFNb-1a in most (95 %) subgroups. In patients with high disease activity despite IFNb treatment in the year before study, fingolimod 0.5 mg reduced ARR by 61 % relative to IFNb-1a. Reductions in lesion counts and brain volume loss also favored fingolimod in these patients. In conclusion, consistently better efficacy was observed for fingolimod compared with IFNb-1a across different subgroups of patients with RRMS.
Introduction
Fingolimod (FTY720; Gilenya TM , Novartis Pharma AG, Basel, Switzerland) 0.5 mg once daily is the first oral disease-modifying therapy (DMT) approved for relapsing On behalf of the TRANSFORMS Study Group.
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The online version of this article (doi:10.1007/s00415-013-6932-0) contains supplementary material, which is available to authorized users. multiple sclerosis (MS) in the USA and several other countries. In the EU, fingolimod is approved for relapsingremitting MS (RRMS) in patients with high disease activity despite previous treatment with interferon beta, and for patients with rapidly evolving severe RRMS. Compared with the first-line therapy, intramuscular (IM) interferon beta-1a (Avonex Ò ), and with placebo, fingolimod showed superior efficacy in improving clinical and magnetic resonance imaging (MRI) outcomes in patients with RRMS [1, 2] . In the 1-year TRANSFORMS (Trial Assessing Injectable Interferon Versus FTY720 Oral in RRMS) core phase, fingolimod 0.5 mg once daily demonstrated significant benefits over interferon beta-1a on an annualized relapse rate (ARR; 0.16 and 0.33, respectively; 52 % reduction), brain volume loss, gadolinium (Gd)-enhancing T1 lesion count, and new/newly enlarged T2 lesion count [1] . In the TRANSFORMS extension, switching from interferon beta1a to fingolimod 0.5 mg at month 12, was associated with significant improvements in ARR and MRI outcomes by month 24 [3] . In addition, patients who received continuous fingolimod for 2 years had improved ARR and MRI outcomes at month 24 compared with the switch group.
Here, we report the results of subgroup analyses from TRANSFORMS, with a focus on the approved 0.5 mg dose. We evaluated efficacy in patient subgroups defined by demographic factors, baseline disease characteristics, and responsiveness to previous treatment, some of which have been reported as potential predictors of disease progression in early MS [4] [5] [6] [7] [8] . Also analyzed were patient subgroups with highly active disease, defined in collaboration with the European Medicines Agency (EMA) as part of the submission and approval process.
Methods

Study design and patient population
TRANSFORMS was a randomized, double-blind, activecontrolled, phase 3 trial with an optional extension (ClinicalTrials.gov number: NCT00340834). The study methodology has been published previously in accordance with Consolidated Standards of Reporting Trials (CONSORT) guidelines [1] . The study was conducted in accordance with the International Conference on Harmonisation Guidelines for Good Clinical Practice and the principles of the Declaration of Helsinki. Overall, 1,292 patients with RRMS were randomly assigned with equal probability to receive fingolimod 0.5 mg or 1.25 mg once daily, or IM interferon beta-1a 30 lg weekly, for 12 months. All patients who completed the core phase on assigned study drug were eligible to enter the open-label extension phase. Individuals who received interferon beta-1a during the core phase were reassigned, in a 1:1 ratio, to receive fingolimod 0.5 mg or 1.25 mg once daily; patients on fingolimod during the core phase continued on the same assigned dose. Please see Supplementary Appendix for further details.
Analysis groups
These analyses focus on the fingolimod 0.5 mg group. The results with fingolimod 1.25 mg (Supplementary Figures 1  to 5) were consistent with the data presented here for fingolimod 0.5 mg.
Subgroups defined by demographic factors and baseline disease characteristics included sex (male or female), age (B40 years or [40 years), treatment history (treatmentnaïve or previously treated with any MS medication at any time before study entry), number of relapses in the year before study entry (B1 or [1) , number of relapses in the 2 years before study entry (1, 2, [2) , baseline disability [expanded disability status scale (EDSS) score 0-3.5 or [3.5), number of Gd-enhancing T1 lesions (0 or C1), and T2 lesion volume (B3,300 or[3,300 mm 3 ). Aside from T2 lesion volume, these analysis subgroups were predefined; seven of these predefined subgroups were modified after database lock either to pool subgroups with few patients or to adjust the cut-off value. These modifications were the same as those made to the same set of predefined subgroups in the FREEDOMS (FTY720 Research Evaluating Effects of Daily Oral therapy in MS) study, and the reasons for these modifications are explained in detail in the associated publication [9] . The changes did not affect the overall conclusions.
Subgroups with highly active disease were defined after study completion and analysis during discussions surrounding licensing approval with the EMA, and reflect the populations of patients for whom fingolimod therapy is approved in the EU. These subgroups included group 1a: patients who received interferon beta during the year before study enrollment but who had as many or more relapses in the year before study entry than in the year 2 years before study entry; group 1b: patients who received any DMT during the year before study enrollment but who had as many or more relapses in the year before study entry than in the year 2 years before study entry; group 2a: patients who received interferon beta during the year before study enrollment and had C1 relapse in the previous year plus C1 Gd-enhancing T1 lesion or C9 T2 lesions at baseline; group 2b: patients who received any DMT during the year before study enrollment and had C1 relapse in the previous year plus C1 Gd-enhancing T1 lesion or C9 T2 lesions at baseline; group 3: treatment-naïve patients with rapidly evolving severe RRMS, defined as C2 relapses within the year before baseline and C1 Gd-enhancing T1 lesion at baseline.
Additional analyses were performed in a subgroup of previously treated patients defined as patients who had received any DMT in the year before study entry (group 4).
Efficacy outcomes
Analyzed endpoints included ARR (primary endpoint in TRANSFORMS), Gd-enhancing T1 lesion counts, new/ newly enlarged T2 lesion counts, and normalized brain volume loss. Owing to the short duration of the study, sustained worsening of disability was infrequent in all three treatment groups of the overall population (6-8 %) [1] and the treatment effect, although numerically in favor of fingolimod 0.5 mg compared with interferon beta-1a, was not significant. Therefore, no subgroup analyses for this endpoint are reported.
The proportion of patients with active disease, defined as C1 relapse in the previous year and C1 Gd-enhancing T1 lesion at the time of assessment, was evaluated in group 4 at baseline and month 12 in the TRANSFORMS core phase and at month 24 in the extension phase. All patients in group 4 were included in each analysis if they were not missing data for the relevant time point.
Statistical analysis
Annualized relapse rates, ARR ratios, confidence intervals, and p values were estimated using a negative binomial regression model with log-link. Adjustments were used for treatment for the overall population, and for treatment, subgroup variable, and treatment by subgroup variable interaction for the subgroup analyses; log time on study was used as an offset variable to account for the varying lengths of patient time in the study.
The Gd-enhancing T1 and new/newly enlarged T2 lesion counts, lesion count ratios, confidence intervals, and corresponding p values were estimated using a negative binomial regression model with log-link. Adjustments for treatment for the overall population, and for treatment, subgroup, and treatment by subgroup variable interaction were used for the subgroup analyses. For Gd-enhancing T1 lesion analyses, scans obtained \30 days after steroid treatment for MS were excluded.
Percentage change from baseline to month 12 in normalized brain volume was investigated in an analysis of variance (ANOVA) model with adjustments for treatment for the overall population and for treatment, subgroup, and treatment by subgroup interaction for subgroup analyses.
Due to the limited size of some of the subgroups and to avoid convergence and correlative problems between baseline adjustments and the subgroup variable, the subgroup analyses presented here used simpler models (i.e., with fewer adjustments) than those employed in the previously reported analysis of the overall population [1] . The overall population was re-analyzed using these less complex models to allow comparisons between the subgroups and the overall population.
Heterogeneity of treatment effect across different levels of each subgroup was evaluated and p values for the treatment by subgroup interaction are presented. The interaction term tests whether the treatment effect is significantly different across different levels of the subgroup, between males and females, for example. If a subgroup variable had more than two levels (e.g., number of relapses in the last 2 years) then the least severe disease level was used as the reference subgroup, and the test assessed whether the treatment effect in the more severe levels differed from that in the reference group. For the highly active disease subgroups defined during discussions with the EMA (groups 1a, 1b, 2a, 2b, and 3), each subgroup was tested against the rest of the population (all those patients not in the subgroup of interest).
Results
Efficacy in subgroups defined by demographic factors and baseline disease characteristics
In all subgroups, fingolimod was associated with better ARR outcomes compared with patients receiving interferon beta-1a, with reductions in ARRs ranging from 32 to 59 % for fingolimod versus interferon beta-1a ( Fig. 1) . None of the tests for heterogeneity of the treatment effect was significant. The MRI analyses favored fingolimod over interferon beta-1a in the majority of subgroups (48/51), in many cases significantly. Fingolimod was associated with reductions in counts of Gd-enhancing T1 lesions (15-82 %) and new/newly enlarged T2 lesions (11-52 %) versus interferon beta-1a in the overall population and most subgroups (Figs. 2, 3 ). Reductions in brain volume loss were mainly of the order of 30-40 %, ranging from 14 % in patients with only one relapse in the 2 years before study entry to 66 % in patients with an EDSS score [3.5 at baseline (Fig. 4) . The three exceptions where point estimates did not favor fingolimod were Gd-enhancing T1 and new/newly enlarging T2 lesion counts in the subgroup with a baseline disability EDSS score [3.5, and new/newly enlarging T2 lesions in the subgroup of patients who experienced only one relapse in the 2 years before study entry. In none of the subgroups analyses was interferon beta-1a statistically superior to fingolimod. Across all MRI outcomes, tests for heterogeneity were non-significant, with only one exception, indicating that the treatment effect in the overall study population applies to the subgroups. The exception was the analysis of new/newly enlarging T2 lesions in the age subgroup, in which the results indicated that the treatment effect in favor of fingolimod was stronger than average in the sub-population of patients aged [40 years and comparable to that of interferon in the subgroup of patients aged B40 years.
Efficacy in previously treated patients or treatmentnaïve patients with highly active disease
Relapse rates
In patients with high disease activity despite receiving interferon beta in the year before study entry (groups 1a and 2a), fingolimod reduced ARR by 61 % versus interferon beta-1a over 12 months (Fig. 5a ). In patients with high disease activity despite any DMT in the year before study entry (groups 1b and 2b), fingolimod reduced ARR by 50 % versus interferon beta-1a over 12 months. In the small subgroup of treatment-naïve patients with rapidly evolving severe RRMS (group 3; n = 57), the ARR reduction with fingolimod versus interferon beta-1a was 25 %.
MRI lesion counts
In patients who had high disease activity despite receiving interferon beta in the year before study entry (groups 1a and 2a), fingolimod reduced Gd-enhancing T1 lesion counts by 46-48 % relative to interferon beta-1a at month 12 (Fig. 5b) . In the same subgroups, fingolimod reduced new/newly enlarged T2 lesion counts relative to interferon beta-1a at month 12 by 21-27 % (Fig. 5c) . Reductions in lesion counts favoring fingolimod over interferon beta-1a also were observed in patients who had high disease activity despite any DMT in the year before study entry (groups 1b and 2b). In group 3, fingolimod reduced Gdenhancing T1 lesion counts by 40 % and reduced new/ newly enlarged T2 lesion counts by 64 % relative to interferon beta-1a at month 12. p value for the treatment by subgroup interaction, which evaluates heterogeneity of the treatment effect (see ''Methods''). ARR annualized relapse rate, EDSS expanded disability status scale, Gd gadolinium, IFN interferon, MS multiple sclerosis
Brain volume loss
Treatment with fingolimod was associated with a reduction in brain volume loss from baseline to month 12 of 31-40 % relative to interferon beta-1a, in patients who had high disease activity despite receiving interferon beta (groups 1a and 2a) or any DMT (groups 1b and 2b) in the year before study entry (Fig. 5d) . The results also favored fingolimod in group 3.
Proportion of patients with active disease despite DMT Overall, 745/1,292 (57.7 %) patients enrolled in TRANS-FORMS had previously received DMT for MS, 635/745 (85.2 %) had previously received interferon beta. Among the patients who received DMT in the year before entering TRANSFORMS (group 4; n = 641), the proportion with active disease at month 12 (defined as C1 relapses in year 1 and C1 Gd-enhancing T1 lesions at month 12) was substantially lower with fingolimod (1.6 %; 3/191) than with interferon beta-1a (12.1 %; 21/173).
For patients who switched from interferon beta-1a to fingolimod in the extension (n = 79), the proportion of patients with active disease at month 12 prior to switch was 13.7 % (10/73) and fell to 3.0 % (2/66) at month 24. Among patients who received continuous fingolimod for 2 years (n = 177), few had active disease at either month 12 (1.2 %; 2/169) or month 24 (2.0 %; 3/152).
Discussion
Fingolimod demonstrated consistently greater efficacy versus interferon beta-1a on all outcomes in the majority (*95 %) of patient subgroups analyzed, including those defined by demographic factors and baseline disease Fig . 2 Gd-enhancing T1 lesion counts and ratios over 12 months in patient subgroups defined by demographic factors and baseline disease characteristics (intent-to-treat population). Gd-enhancing T1 lesion counts were estimated using a negative binomial regression model, log-link, adjusted for treatment for the overall result, and adjusted for treatment subgroup and treatment by subgroup variable interaction for the subgroup analyses. n number of observations included in the analysis (patients with non-missing Gd-enhancing T1 lesion count assessments at month 12; scans obtained \30 days after the last use of steroids to treat MS were excluded from this analysis).
a Patients were categorized according to whether they were treatmentnaïve (had received no form of medication for MS before the study) or had previously received treatment for MS with any medication at any time before study enrollment. activity, and subgroups of patients who had high disease activity despite previous treatment with approved MS therapies (which reflect the populations for whom fingolimod therapy is approved in the EU). In none of the subgroups were the results statistically in favor of interferon beta-1a. These results are consistent with findings from the overall intent-to-treat population in the TRANSFORMS study and extension [1, 3] . Subgroup analyses have intrinsic limitations and present methodological challenges. TRANSFORMS was not prospectively designed or powered to test for treatment differences within subgroups, or to test formally for heterogeneity among subgroups. In addition, statistical power for MRI outcomes is probably higher than for clinical outcomes. The p values may not represent nominal values and should be interpreted with care. A sizable number of subgroups was analyzed here without formal adjustment for multiple comparisons, in accordance with a previous recommendation [10] , which may have led to false-positive results. Conversely, some of the subgroups were small, potentially making some clinically relevant differences not statistically significant. Tests of heterogeneity were not significant, with only one exception, indicating that the treatment effect in favor of fingolimod observed in the overall population also applies to the subgroups.
Possible heterogeneity of the treatment effect was found in subgroups defined by age. The treatment benefit of fingolimod over interferon beta-1a on ARR was greater in patients aged B40 years than in those [40 years, although the test for heterogeneity between the two subgroups was not significant. A similar effect of age on ARR was observed in the FREEDOMS study [9] , and the heterogeneity of effect was statistically significant. With respect to MRI activity in TRANSFORMS, the treatment effect favored fingolimod over interferon beta-1a particularly Fig . 3 New/newly enlarging T2 lesion counts and ratios over 12 months in patient subgroups defined by demographic factors and baseline disease characteristics (intent-to-treat population). New/ newly enlarged T2 lesion counts were estimated using a negative binomial regression model, log-link, adjusted for treatment for the overall result, and adjusted for treatment subgroup and treatment by subgroup variable interaction for the subgroup analyses. n number of observations included in the analysis (patients with non-missing new/ newly enlarged T2 lesion count assessments at month 12). a Patients were categorized according to whether they were treatment-naïve (had received no form of medication for MS before the study) or had previously received treatment for MS with any medication at any time before study enrollment. b p value for the treatment contrast within the subgroup. c p value for the treatment by subgroup interaction, which evaluates heterogeneity of the treatment effect (see ''Methods''). EDSS expanded disability status scale, Gd gadolinium, IFN interferon, MS multiple sclerosis strongly in the subgroup of patients aged [40 years, in terms of both Gd-enhancing T1 and new/newly enlarging T2 lesions, while in patients aged B40 years the treatment effect of fingolimod was comparable to that of interferon beta-1a.
In subgroups with highly active disease, fingolimod was more beneficial than interferon beta-1a in improving ARRs and MRI outcomes. Significant ARR reductions were observed in patients who had high disease activity despite interferon beta therapy in the year before study entry (relative ARR reduction: 61 %), and were accompanied by reductions in Gd-enhancing T1 and new/newly enlarged T2 lesion counts, and brain volume loss, relative to interferon beta-1a. Analysis of the efficacy of fingolimod in such patients is clinically relevant given that a large proportion of patients (up to 36 %) who receive first-line MS treatments discontinue due to perceived lack of efficacy [11] [12] [13] . In these subgroups and in the overall population, the relative treatment effect of fingolimod versus interferon beta-1a was greater for ARRs than for new/newly enlarged T2 lesion counts. Given that treatment with interferon beta has been associated with an ARR reduction of approximately 30 % versus placebo but with larger relative reductions in MRI outcomes [14] [15] [16] [17] , the lesser effect on MRI outcomes compared with ARR in TRANSFORMS may reflect a floor effect on the ability to reduce lesion counts further compared with active therapy. In treatmentnaïve patients with highly active RRMS, the benefit of fingolimod over interferon beta-1a in preventing new T2 lesions and additional brain volume loss was particularly pronounced compared with the overall population, which is likely to be of clinical relevance.
The analysis of continued active disease in patients who had received DMT in the previous year provides further evidence that fingolimod improves outcomes in patients who had active disease despite standard treatment. Within the subgroup of previously treated patients, fingolimod markedly reduced the proportion of patients with active disease relative to interferon beta-1a, over 12 months in the core phase of the study. After patients treated with interferon beta-1a during the first year switched to fingolimod in the second year (extension phase) there was a substantial reduction in the proportion of patients with active disease by month 24, to a level similar to that observed in the continuous fingolimod group. These results indicate that fingolimod can provide added benefit in patients who still have active disease following a year of interferon treatment. The data are also in agreement with published clinical and MRI data from the overall extension population, showing improved outcomes following switching from interferon beta-1a to fingolimod [3] . The overall consistency of the results favoring fingolimod, and similarities in the relative treatment effect across many subgroups, provide evidence of a clinically relevant benefit for fingolimod over interferon beta-1a across a range of subgroups of patients with RRMS. The results presented here are particularly relevant to the populations for whom approval of fingolimod exists in the EU, including those with highly active RRMS, given the need for effective therapy for such patients. The data regarding continued active disease while on interferon therapy and the reduction after switching to fingolimod support the prospectively collected data in the TRANSFORMS core and extension phases, providing direct evidence of the potential benefit of switching from interferon beta-1a to fingolimod. Fig. 5 a Annualized relapse rates, b Gd-enhancing T1 lesion count, c estimated new/newly enlarged T2 lesion count and d brain volume loss for fingolimod versus interferon beta-1a over 12 months in previously treated or treatment-naïve patients with highly active disease (intent-to-treat population). For definition of the patient groups, see ''Methods''. ARRs and ARR ratios were estimated using a negative binomial regression model adjusted for treatment, and (for subgroup analyses only) subgroup variable and treatment by subgroup variable interaction; log time on study was used as an offset variable. Gd-enhancing T1 and new/newly enlarged T2 lesion counts were estimated using a negative binomial regression model, log-link, adjusted for treatment for the overall result, and adjusted for treatment subgroup and treatment by subgroup variable interaction for the subgroup analyses. Least-squares mean change in brain volume calculated using an ANOVA model adjusted for treatment for the overall result and for treatment, subgroup, and treatment by subgroup interaction for subgroup analyses. a p value for the treatment contrast within the subgroup. b p value for the treatment by subgroup interaction, which evaluates heterogeneity of the treatment effect (see ''Methods'').
c n number of observations included in this analysis (patients with non-missing Gd-enhancing T1 lesion count assessments at month 12; scans obtained \30 days after the last use of steroids to treat MS were excluded from this analysis). d n number of observations included in this analysis (patients with non-missing new/newly enlarged T2 lesion count assessments at month 12).
e n number of patients in each group with a non-missing assessment of percentage change from baseline in normalized brain volume at month 12. ANOVA analysis of variance, ARR annualized relapse rate, DMT disease-modifying therapy, Gd gadolinium, IFN interferon, RES rapidly evolving severe, RRMS relapsing-remitting multiple sclerosis 
